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The Cell Biology of LRRK2 in Parkinson's Disease

Ahsan Usmani,? Farbod Shavarebi,® ‘=’ Annie Hiniker?
aDepartment of Pathology, University of California, San Diego, San Diego, California, USA

ABSTRACT Point mutations in leucine-rich repeat kinase 2 (LRRK2) are the most
common cause of familial Parkinson’s disease (PD) and are implicated in a significant
proportion of apparently sporadic PD cases. Clinically, LRRK2-driven PD is indistin-
guishable from sporadic PD, making it an attractive genetic model for the much
more common sporadic PD. In this review, we highlight recent advances in under-
standing LRRK2's subcellular functions using LRRK2-driven PD models, while also
considering some of the limitations of these model systems. Recent developments of
particular importance include new evidence of key LRRK2 functions in the endolyso-
somal system and LRRK2's regulation of and by Rab GTPases. Additionally, LRRK2's
interaction with the cytoskeleton allowed elucidation of the LRRK2 structure and
appears relevant to LRRK2 protein degradation and LRRK2 inhibitor therapies. We
further discuss how LRRK2's interactions with other PD-driving genes, such as the
VPS35, GBA1, and SNCA genes, may highlight cellular pathways more broadly dis-
rupted in PD.
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arkinson’s disease (PD) is a progressive neurodegenerative disorder affecting nearly

7 million individuals worldwide, including 1 to 2% of people over 60 years of age
and up to 5% of those over 85 years of age (1). Tremor, rigidity, and bradykinesia are
key clinical features. These symptoms are driven by neuronal dysfunction and death in
a stereotyped anatomic distribution in which dopaminergic (DA) neurons in the sub-
stantia nigra of the midbrain are particularly devastated. Many additional PD symp-
toms clearly relate to neurodegeneration in other neuroanatomic sites (i.e.,, anosmia
due to olfactory bulb involvement and autonomic symptoms due to involvement of
the dorsal motor nucleus of the vagus nerve). Other symptoms, like sleep disturbances
and abnormalities of mood, have less clear neuroanatomic causes (2). On a cellular
level, surviving neurons in affected regions often contain Lewy bodies and Lewy neu-
rites, cytoplasmic protein aggregates composed predominantly of aggregated a-synu-
clein (3).

While most cases of PD are idiopathic, approximately 5 to 10% are familial, with
clear-cut autosomal inheritance patterns (4, 5). Point mutations in the kinase leucine-
rich repeat kinase 2 (LRRK2) (found in the Park8 locus on chromosome 12q12) are the
most common cause of autosomally inherited PD. LRRK2 mutations drive up to 5% of
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FIG 1 LRRK2 domain structure. LRRK2 is a multidomain kinase with two enzymatic domains, a Roc
GTPase and a serine-threonine kinase of the TKL family, linked by a COR domain. LRRK2's N and C
termini are composed of protein-protein interaction domains, including N-terminal armadillo (ARM),
ankyrin (ANK), and LRR domains and a C-terminal WD40 domain. Indicated at the top are the seven
known LRRK2 point mutations that drive autosomal dominant PD.

appear to be highly penetrant. Conversely, LRRK2 G2019S is common but only mod-
erately penetrant, which may help explain why LRRK2 point mutations underlie up to
1 to 2% of apparently idiopathic PD. Multiple risk loci for sporadic PD have been
identified within the LRRK2 gene using population studies (11). LRRK2 variants
G2385R and R1628P are associated with increased PD risk in Asian populations, while
the N551K-R1398H haplotype appears protective against sporadic PD (12, 13).
Importantly, genetic variants in LRRK2 are also risk factors for Crohn’s disease, lep-
rosy, and tuberculosis, suggesting that the LRRK2 protein plays important roles out-
side the central nervous system (14-16).

CLINICAL FEATURES OF LRRK2-PD

We use the term LRRK2-PD to describe the group of patients with both clinical
symptoms of PD and one of the seven known causative mutations. Clinical manifesta-
tions of LRRK2-PD largely phenocopy those of sporadic PD, with similar symptoms, age
of onset (60s or 70s), and rate of clinical decline (17). This is in contrast to autosomal re-
cessive causes of PD, such as PINK1, DJ1, and parkin, which frequently manifest with
additional symptoms and at a younger age (reviewed by Gasser et al. [18]). The classic
clinical symptoms of LRRK2-PD make it a compelling genetic model for idiopathic PD.

Neuropathologically, the majority of LRRK2-PD brains show a-synuclein-positive
Lewy pathology pathognomonic for PD. This finding provides conclusive evidence that
LRRK2 point mutations either directly or indirectly increase a-synuclein aggregation in
humans. In 2015, a review of all LRRK2-PD cases with published neuropathology (54
cases with pathogenic LRRK2 mutations, with 37 described in detail) reported that
essentially all showed nigral neuronal loss and about one-half showed Lewy pathology
(19). However, the same LRRK2 point mutations that drive Lewy pathology can also
manifest with a wide range of neuropathologies. Some LRRK2 cases with PD clinical
features lacked Lewy pathology and had other, distinct neuropathologies, including
tauopathy with features of progressive supranuclear palsy and the glial synucleinop-
athy multiple system atrophy. Others demonstrated pure striatonigral degeneration,
with death of substantia nigra neurons but no clear protein aggregates (19).
Interestingly, LRRK2 cases lacking Lewy pathology often arose in patients whose
family members had Lewy pathology. The frequency of Lewy pathology appears
related to the particular LRRK2 point mutation involved, with LRRK2 G2019S being
most likely to display classic Lewy pathology and LRRK2 12020T very rarely having
Lewy pathology (19, 20). A more recent review of 55 cases of LRRK2-PD noted that
about one-half had tau pathology, with most of this being mild to moderate
Alzheimer’s disease changes (i.e., Braak stage Ill or lower) (21). A causative relation-
ship between Alzheimer’s disease and LRRK2 mutations has not been shown.

LRRK2 EXPRESSION AND MODELS OF LRRK2-PD

LRRK2 protein is expressed at low levels throughout the body, with highest levels in
kidney, lung, and immune cells and modest expression in the brain (22). In the brain,
LRRK2 expression is highest in the putamen, a target of substantia nigra neurons,
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although it is also measurable in substantia nigra (13). A reproducible physical interac-
tion between the LRRK2 and a-synuclein proteins has not been demonstrated
(reviewed by O’Hara et al. [23]). LRRK2 mutant murine models (bacterial artificial chro-
mosome [BAC] and cDNA transgenic and CRISPR knock-in models) do not fully recapit-
ulate human PD. These models consistently fail to demonstrate age-dependent neuro-
degeneration and a-synuclein pathology, although more subtle neurophysiological
and behavioral phenotypes have been observed in particular models (see Volta and
Melrose for a comprehensive review [24]). Murine models genetically overexpressing
both LRRK2 and a-synuclein have also yielded conflicting results (25, 26). Recent stud-
ies suggest that LRRK2 may augment aggregation and cell-to-cell transmission of
a-synuclein in murine systems in which a-synuclein is introduced intracranially via
injection (27-29). Intriguingly, very recent work used neuron-specific viral delivery of
mutant LRRK2 to induce DA neuronal degeneration in rats without causing a-synuclein
pathology (30). Additional studies will be required to understand how well these
model systems reproduce human PD.

Murine knockout models of LRRK2 have no brain abnormalities but do show abnor-
malities of lung and kidney, two organs that normally express high levels of LRRK2.
These include enlarged lamellar bodies (lysosome-related organelles) in lung alveolar
type Il cells and enlarged secondary lysosomes with accumulation of lipofuscin in renal
proximal tubules (31-34). These changes support a role for LRRK2 in normal endolyso-
somal function. Lysosomal defects appear to cause a-synuclein aggregation in kidneys
of LRRK2 knockout mice (31). A murine double knockout of LRRK2 and its homolog
LRRK1 (which has not been genetically linked to PD) shows DA neurodegeneration,
neuronal accumulation of a-synuclein, and impaired autophagy; however, the mecha-
nism by which this occurs has not been worked out (35).

A significant body of research demonstrates LRRK2's importance in diseases unre-
lated to PD, highlighting LRRK2's role in regulating immune function. In response to
gamma interferon (IFN-y), LRRK2 protein levels and phosphorylation increase in both
human induced pluripotent stem cell (iPSC)-derived cell lines and other macrophage
cell lines. Multiple LRRK2 alleles (typically point mutations) augment risk for inflamma-
tory bowel disease, particularly Crohn’s disease (16, 36). LRRK2 Crohn'’s risk alleles
reproducibly increase nuclear localization and activation of nuclear factor of activated
T cells (NFAT). However, whether this occurs in a kinase-dependent manner is debated.
The N2081D allele increases risk for both PD and Crohn's disease and increases LRRK2
kinase activity (16). Early studies indicated that LRRK2 has a kinase-independent scaf-
folding function and traps inactive NFAT in the cytoplasm (36). The Crohn's risk allele
M2397 appears to decrease LRRK2 protein stability, allowing NFAT to translocate to
the nucleus (36). However, later work suggested that direct phosphorylation by LRRK2
activates NFAT (37). In the past few months, Kim et al. demonstrated that, in response
to neuron-released a-synuclein, LRRK2 activates microglia via direct phosphorylation
of NFATc2 and causes NFATc2 nuclear translocation and neurotoxicity (38).

LRRK2 also mediates inflammatory responses to multiple infectious organisms,
including mycobacteria and Salmonella strains. LRRK2 impedes Mycobacterium tubercu-
losis phagosome maturation in macrophages, with LRRK2-deficient mice showing
decreased M. tuberculosis burdens early in infection (15). The LRRK2 R1628P variant,
which is a risk allele for PD, causes excessive inflammation (termed type 1 reactions) in
leprosy (which is caused by Mycobacterium leprae) (14, 39). LRRK2 also promotes
inflammation in response to Salmonella infection through activation of NLRC4, with
LRRK2-deficient mice having an impaired response to Salmonella infection (40). Further
supporting its role in immune function, LRRK2 is highly expressed in the myeloid line-
age, including macrophages, monocytes, and neutrophils (41). The importance of mye-
loid cells in the pathogenesis of LRRK2-PD is not clear; however, at minimum, the high
level of LRRK2 in myeloid cells facilitates studies of LRRK2 function in patient-derived
blood samples (42, 43).
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LRRK2 DOMAIN ORGANIZATION AND ENZYMATIC FUNCTION

LRRK2 is a 286-kDa multidomain kinase that can form homodimers; dimerization is
required for maximal LRRK2 kinase activity (44, 45). Two enzymatic domains, a Roc (Ras
of complex) GTPase and a serine-threonine kinase of the tyrosine kinase-like (TKL) fam-
ily, are linked by a COR (C terminus of Roc) domain (Fig. 1). LRRK2’s N and C termini are
composed of protein-protein interaction domains, including N-terminal armadillo,
ankyrin, and LRR domains and a C-terminal WD40 domain (46). LRRK2's tandem Roc-
COR domain structure qualifies it as a member of the ROCO protein superfamily and
suggests that the COR domain may mediate interactions between LRRK2's GTPase and
kinase, something that has been validated in recent cryo-electron microscopy struc-
tures of LRRK2 (47, 48). A homologous protein, LRRK1, which has not been linked to
PD, has a similar domain structure as well as 26% identity and 45% similarity to LRRK2
(49). LRRK2 and LRRK1 are both conserved in vertebrates, while the invertebrates
Drosophila melanogaster and Caenorhabditis elegans have a single LRRK ortholog (50).

Several unique features of LRRK2's enzymatic domains have been described. In
LRRK2's kinase domain, the activation loop contains a DYG motif rather than the typi-
cally conserved DFG motif of other kinases. The tyrosine hydroxyl of LRRK2's DYG motif
serves as a “molecular brake” on LRRK2 kinase activity, decreasing substrate accessibil-
ity to the activation loop and favoring the inactive kinase state (51). Accordingly, a
Y2018F LRRK2 mutation that recapitulates the standard DFG motif increases LRRK2 ki-
nase activity (51). LRRK2 has a preference for phosphorylating Thr over Ser residues,
both in vitro and in vivo (52). LRRK2’s Roc GTPase domain utilizes a standard phos-
phate-binding P-loop motif to bind GTP and GDP with micromolar binding affinities
(dissociation constant [K,] values of 4.1 = 0.3 uM and 1.2 = 0.1 uM for GTP and GDP,
respectively) (53). GTP binding appears necessary to activate LRRK2's kinase function,
as indicated by the lack of kinase activity for LRRK2 variants with point mutations that
cannot bind GTP, such as T1348N (54). Crosstalk between the kinase and GTPase do-
main occurs both intramolecularly and via dimerization. In vitro, LRRK2 can dimerize
both via homodimerization of the COR domain and via homodimerization of the C-ter-
minal WD40 domain (48). Cryo-electron tomography of the catalytic half of LRRK2
revealed a J-like shape in which the COR and Roc domains turn back toward the kinase
domain, allowing the kinase and GTPase domains to closely interact and to modulate
one another (48).

Recent identification of bona fide in vivo LRRK2 substrates, namely, the LRRK2 auto-
phosphorylation site S1292 (55) and a subset of Rab proteins discussed in more detail
below (56, 57), demonstrates that all known PD-driving LRRK2 mutations increase
LRRK2 kinase activity. The LRRK2 point mutations G2019S and 12020T lie in the kinase
activation loop and may increase kinase activity through a mechanism similar to that
of the Y2018F mutation. Four PD-driving point mutations (R1441G/C/H and N1437H)
fall in LRRK2's Roc GTPase domain, and a fifth (Y1699C) lies in the COR domain
between the Roc and kinase domains. R1441C/G/H and Y1699C suppress GTP hydroly-
sis and increase LRRK2's affinity for GTP (58), which leads to 3- to 4-fold activation of
the kinase toward Rab substrates (55, 56). N1437H appears to allow LRRK2 to remain
GTP bound by locking LRRK2 into highly stable dimers that have both decreased affin-
ity for GTP and decreased GTPase activity (59). S1292 is positioned close to the kinase
active site and also near the Crohn’s disease-related residue N2081, suggesting that
this interface is critical in LRRK2's kinase function (48). The G2385R PD risk allele in the
WD40 domain disrupts dimerization of the WD40 domain and, like autosomal PD-driv-
ing point mutations, enhances LRRK2 activity in cells (60).

In addition to familial LRRK2-PD cases, there is some evidence that LRRK2 kinase
activity may be elevated in idiopathic PD (61). Therefore, highly selective LRRK2 ki-
nase inhibitors have been developed as possible therapeutics, and a number are in
clinical trials (clinical trial no. NCT04056689; www.clinicaltrials.gov). However, treat-
ment of animal models ranging from mice to nonhuman primates with LRRK2 kinase
inhibitors causes phenotypic abnormalities identical to those of LRRK2 knockout
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FIG 2 LRRK2's subcellular localizations and key interacting partners. LRRK2 is found in the cytoplasm, where it binds to 14-3-3
proteins in a phosphorylation-dependent manner, and at cell membranes, where it forms a homodimer. LRRK2 function appears
particularly important to the endolysosomal system and trans-Golgi network. Here, LRRK2 is activated by and phosphorylates
Rab29 and also recruits and phosphorylates Rab8A/10 (as well as other Rab proteins) to initiate downstream pathways. In
overexpression, LRRK2 binds the microtubule in an ordered helix, and we have found that LRRK2 proteasomal degradation is
regulated by TRIM1, a microtubule-bound protein. LRRK2 also appears to have important roles in normal retromer and
mitochondrial function.

models (31-34, 62). Kidney and lung abnormalities may be reversible once the inhibi-
tor is removed, although these studies are based on short-term (a few weeks) drug
administration (63).

All currently studied LRRK2 kinase inhibitors are type | inhibitors, occupying the
ATP-bound pocket of the kinase in a “DFG-in" conformation (64, 65). At a cellular level,
type | LRRK2 inhibitors drive overexpressed LRRK2 to the microtubule and cause LRRK2
ubiquitination and proteasomal degradation, reproducibly decreasing LRRK2 steady-
state levels (66). Therefore, it remains unresolved whether systemic abnormalities fol-
lowing LRRK2 kinase inhibitor treatment are entirely due to kinase inhibition or are
also related to decreased LRRK2 protein levels. Differentiation of these mechanisms is
essential for understanding and circumventing possible toxicity of long-term treatment
with LRRK2 inhibitors. Highly selective type 2 LRRK2 kinase inhibitors, which would sta-
bilize LRRK2 in an open “DFG-out” conformation, have not been developed. However,
studies of less selective type 2 LRRK2 kinase inhibitors indicate that these compounds
do not cause the same changes in LRRK2 localization and degradation (48). Changes in
LRRK2's binding partners depending on its subcellular localization appear to be critical
to its normal and disease-driving functions as well as its degradation.

LRRK2 SUBCELLULAR LOCALIZATION

Due to LRRK2's low levels of expression, direct assessment of its endogenous sub-
cellular localization is a significant technical challenge, and very few studies have con-
clusively visualized endogenous LRRK2 using microscopy. In overexpression systems,
as well as biochemical fractionation studies of endogenous protein, LRRK2 appears
predominantly cytoplasmic (67); however, increasing evidence suggests that key
aspects of LRRK2 function and regulation occur at membranes as well as at the cyto-
skeleton. The remaining sections discuss known LRRK2 functions in different subcellu-
lar compartments (Fig. 2), as well as the cellular and genetic interactions of LRRK2 with
other PD-driving genes (Fig. 3).

(i) Cytoplasmic LRRK2. The majority of overexpressed and endogenous LRRK2 is
found in the cytoplasm (67, 68). In the cytoplasm, LRRK2 associates with homodimers
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FIG 3 LRRK2's interactions with key PD-related genes. LRRK2 has been shown to physically or genetically interact with a number
of other PD genes. Rab29 and VPS35 appear to be upstream regulators of LRRK2, leading to LRRK2 endolysosomal recruitment
and activation. GCase, a lysosomal enzyme whose dysfunction causes Gaucher’s disease, is likely to be regulated through LRRK2-
mediated Rab10 activity. Parkin and PINK1 drive mitophagy, which appears to be disrupted by hyperphosphorylation of Rab10 by
LRRK2. Mutant LRRK2 can cause synucleinopathies, with abnormal aggregation of a-synuclein, as well as tauopathies, with
abnormal aggregation of the microtubule-associated protein tau. How LRRK2 mutations drive a-synuclein and tau aggregation
requires further investigation.

of 14-3-3 proteins, a family of adaptor proteins that are highly expressed in the brain
(69, 70). When 14-3-3 binding is disrupted, LRRK2 has been noted to aggregate into
inclusion bodies, suggesting that 14-3-3 may stabilize proper LRRK2 folding in the
cytoplasm (69, 70). LRRK2’s binding to 14-3-3 requires interaction between 14-3-3 and
multiple phosphorylated residues of LRRK2; these include Ser910 and Ser935, which
are part of a cluster of phosphoserines (Ser910, Ser935, Ser955, and Ser973) located
between LRRK2's ankyrin and LRR domains, as well as Ser1444, located in the Roc do-
main (67, 69-72). Phosphorylation of the serine cluster is indirectly related to LRRK2 ki-
nase activity, and LRRK2 kinase inhibitors lead to dephosphorylation of these sites (66).
PD-driving R1441C/G/H, Y1699C, and 12020T mutants show intrinsically decreased/
absent phosphorylation of Ser910 and Ser935 and subsequent reduced affinity for 14-
3-3 proteins (72).

(ii) Membrane-associated LRRK2. A fraction (~10 to 20%) of overexpressed LRRK2
forms membrane-associated dimers; dimerization increases the specific activity of
LRRK2's kinase (67, 73). Stimulation of Toll-like receptors (TLRs) (especially TLR4) in
macrophage and microglial cell lines increases LRRK2 Ser935 phosphorylation and
membrane association (73). TLR4 stimulation by lipopolysaccharide and initiation of
autophagocytosis with rapamycin also result in membrane association of LRRK2,
potentially implicating LRRK2 in autophagic processes within the immune system (73).
Abundant evidence demonstrates that LRRK2 can associate with multiple membrane-
bound organelles, including the trans-Golgi network and membrane-bound vesicles,
where it phosphorylates a subset of Rab GTPases (56). Rabs were first identified as in
vivo substrates of LRRK2 through phosphoproteomic screening in mouse embryonic
fibroblasts (56). A family of over 60 small Ras-like GTPases, Rabs serve as critical regula-
tors of membrane trafficking processes by cycling between GTP-bound/membrane-
associated and GDP-bound/cytosolic states (74). LRRK2 phosphorylates a conserved
Thr/Ser residue in the Rab switch Il effector domain of 16 Rab proteins, including
Rab8a, Rab10, and Rab29 (57). Phosphorylation disrupts Rab binding to Rab GDP disso-
ciation inhibitors (GDIs), causing Rab accumulation at membranes.

March 2021 Volume 41 Issue 5 e00660-20

mcb.asm.org 6


https://mcb.asm.org

Minireview

In addition to being a LRRK2 kinase substrate, Rab29 serves, at least in overexpres-
sion systems, as a critical activator of LRRK2 kinase (68, 75). Rab29 (also called Rab7L1)
is one of five genes located in the PARK16 locus (11); additional genetic studies sug-
gest that LRRK2 and Rab29 function coordinately to increase risk for PD (76). In overex-
pression studies, Rab29 activates LRRK2 through its recruitment to the membranes of
the trans-Golgi network (68). The mechanisms by which LRRK2 kinase is activated at
membranes are only beginning to be worked out; however, using a mitochondrially
anchored Rab29, Gomez et al. elegantly demonstrated that LRRK2 membrane activa-
tion does not depend on LRRK2 association with the trans-Golgi network per se but
appears to depend only on LRRK2 membrane association (77). Phosphorylated sub-
strates such as phospho-Rab10 accumulate at the same membrane at which LRRK2
becomes anchored (77).

(iii) LRRK2 and retromer. The retromer complex recycles membrane proteins from
the endosome to the trans-Golgi network or plasma membrane (78). Recent work sug-
gests that it also plays a role in synaptic vesicle endocytosis and recycling (79). The ret-
romer core is composed of a heterotrimer of cargo-binding vacuolar protein sorting-
associated proteins (VPSs), VPS35, VPS29, and VPS26 (80). A D620N mutation in VPS35
(Park17 locus) causes late-onset autosomal dominant PD, indicating that retromer
defects can drive PD (81, 82). Very recent studies of human iPSC-derived neurons carry-
ing the VPS35 D620N mutation showed mitochondrial dysfunction, altered mitophagy,
and decreased overall autophagic flux (83). An interesting connection between VPS35,
LRRK2, and Rab29 is beginning to emerge. In fly and murine models, overexpression of
wild-type VPS35 rescues retromer-mediated defects (lysosomal enlargement and loss
of mannose-6-phosphate receptors) caused by LRRK2 G2019S overexpression or Rab29
knockdown (76). More recently, VPS35 D620N was shown to enhance LRRK2-mediated
phosphorylation of Rab10 and Ser1292 autophosphorylation, suggesting that VPS35
may be an upstream regulator of LRRK2 capable of hyperactivating LRRK2 when
mutated (84).

(iv) Endolysosomal LRRK2. LRRK2 appears to play a regulatory role in lysosomal
processes, including mitophagy and autophagy, although attempts to pinpoint
LRRK2's role in autophagy have yielded inconsistent results (see the work of Madureira
et al. for a thorough review [86]). However, the enlarged, abnormal lysosomes and ly-
sosome-related organelles found in LRRK2 knockouts and with LRRK2 kinase inhibition
implicate LRRK2 kinase activity in proper lysosomal function. Recent mechanistic work
supports a model in which LRRK2's phosphorylation of Rab proteins at endolysosomal
membranes is critical for cellular homeostasis, particularly under conditions of lysoso-
mal stress.

Recently, multiple lysosome-disrupting agents have been used to study LRRK2's
response to lysosomal stress, including chloroquine, L-leucyl-L-leucine methyl ester
(LLOME), monensin, and nigericin (75, 87, 88). In many systems, treatment with lysoso-
motropic drugs drives LRRK2 to endolysosomal membranes and increases LRRK2 phos-
phorylation of substrates such as Rab10 (75, 88). Rab10, Rab8a, and possibly other Rab
proteins appear to activate numerous compensatory pathways, which are still being
worked out, to restore cellular homeostasis. Iwatsubo and colleagues showed that
prolonged chloroquine-induced lysosomal overload causes Rab29-assisted LRRK2
translocation and accumulation at enlarged lysosomes (87, 88). LRRK2-mediated phos-
phorylation of Rab8 and Rab10 at enlarged lysosomes suppresses lysosomal stress
by increasing lysosomal secretion in an EH-domain-binding protein 1 (EHBP1)- and
EHBP1L1-dependent manner (87). In primary astrocytes, LRRK2 localizes to LLOME-rup-
tured lysosomes, recruits Rab10 in a kinase-dependent manner, and leads to JIP4-
mediated formation of lysosomal tubular structures that dynamically release cargo
from stressed lysosomes (89). LLOME-induced translocation of LRRK2 and Rab8a to
lysosomes is affected by intracellular calcium levels in macrophages. CHMP4B, a core
subunit of the calcium-dependent ESCRT-Il complex responsible for the lysosomal
repair pathway, colocalizes with LRRK2 and Rab8a at lysosomes (90). Conversely, LRRK2
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depletion reduces lysosomal CHMP4B localization and targets vesicles for degradation
via the lysophagy pathway (90).

A number of unanswered questions remain regarding the role of LRRK2 in lysoso-
mal homeostasis. First, it is debated whether Rab29 is absolutely required for LRRK2
lysosomal localization and substrate Rab phosphorylation. While Kuwahara et al.
showed that knockdown of endogenous Rab29 in RAW264.7 macrophages following
chloroquine treatment led to a robust reduction in Rab10 phosphorylation (88),
Kalogeropulou et al. found that Rab29 knockout in mouse embryonic fibroblasts, under
both lysosomal stress and nonstress conditions, had no effect on Rab10 or Rab12 phos-
phorylation (75). It is possible that endogenous Rab29 is required only in certain cell
types or cellular contexts. Second, endolysosomal LRRK2 localization and function
under nonstress conditions have not been completely elucidated. Liu et al. showed
that, in the absence of lysosomal stress, Rab10 localizes to macropinocytic vesicles,
where it is phosphorylated by LRRK2 (91). In this context, EHBP1L1’s activity in endoso-
mal tubular recycling is blocked by LRRK2-mediated Rab10 phosphorylation. Thus,
LRRK2 targets appear to function in multiple endolysosomal pathways. Finally, the
mechanisms by which LRRK2-mediated lysosomal homeostasis could lead to LRRK2-PD
and idiopathic PD are far from clear. Recent work showed early endosome accumula-
tion in conjunction with late endosome and lysosome depletion in postmortem human
nigral DA neurons of idiopathic PD patients (92). Similarly, in a rotenone rat model of
PD, rotenone-induced cytopathologies, including endolysosomal stress, were reversed
by treatment with the LRRK2 kinase inhibitor PF-360 (92).

(v) LRRK2 and GBA1. Mutation of the GBAT gene is one of the most common risk
factors associated with PD (93, 94). GBA1 encodes B-glucocerebrosidase 1 (GCase), a
lysosomal enzyme that hydrolyzes glucosylceramide to glucose and ceramide.
Homozygous GBAT mutations lead to loss of GCase activity and result in the lysosomal
disorder with glucosylceramide accumulation known as Gaucher’s disease. Both homo-
zygous and heterozygous GBAT mutations increase risk for PD (94, 95). iPSC-derived
neurons from LRRK2-PD patients show reduced GCase activity that is rescued by treat-
ment with LRRK2 kinase inhibitor (96). GCase activity appears to be dependent on
Rab10 protein levels, suggesting that GCase may be regulated by LRRK2-mediated
Rab10 phosphorylation. LRRK2 inhibition leads to restoration of GCase activity in neu-
rons and prevents lysosomal disruption and accumulation of a-synuclein (92, 96, 97).

(vi) LRRK2 and mitochondria. Mitochondrial dysfunction is important in both
genetic and sporadic PD, with the familial PD PINK and parkin genes being critical to
proper mitochondrial quality control. Early reports indicated that a small fraction of
overexpressed LRRK2 is found at mitochondrial membranes (98, 99). The full role of
LRRK2 in mitochondrial function is unknown, but compelling evidence suggests it has
kinase-dependent roles in mitophagy and mitochondrial tethering to the endoplasmic
reticulum (ER). LRRK2 functions in multiple pathways to regulate mitophagy. LRRK2
interacts with the mitochondrial outer membrane protein Miro, which is degraded to
stop mitochondrial motility prior to the initiation of mitophagy (85). Mutant LRRK2
G2019S prevents proteasomal degradation of Miro, leading to delayed mitophagy (85).
Recently, it was shown that PINK1 and parkin drive Rab10 accumulation onto depolar-
ized mitochondria, which leads to recruitment of the autophagy receptor optineurin
and subsequent mitophagy (100). Increased phosphorylation of Rab10 by PD mutant
LRRK2 G2019S or R1441C decreases Rab10-mediated mitophagy, which is rescued by
LRRK2 kinase inhibition (100).

There are conflicting results regarding the effects of LRRK2 PD mutations on mito-
chondrial network dynamics (see the report by Singh et al. for a recent review [101]).
However, multiple groups have found that LRRK2 interacts with the mitochondrial fis-
sion protein Drp1 (102, 103). Drp1-dependent mitochondrial fission occurs early in
mitophagy to sequester damaged mitochondria from the healthy network (104).
Recent evidence showed that mitochondrial stress, including Drp1-dependent mito-
chondrial fragmentation, drives altered innate immune responses in LRRK2 KO macro-
phages (105). LRRK2 also impairs interactions between both parkin and Drp1 and
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certain mitochondrial targets in a kinase-dependent manner (106). LRRK2 binding to
parkin (as well as to E3 ligases MARCH5 and MULAN) was shown to regulate mitochon-
drial tethering to the ER (107). The hyperactive kinase G2019S LRRK2 more readily dis-
sociates from these ligases, triggering their PERK-mediated phosphorylation and acti-
vation, thus driving degradation of ER mitochondrial tethering proteins (107). It is
interesting that defects in mitophagy due to LRRK2 kinase hyperactivity parallel those
due to PINK1 or parkin knockout (i.e., Miro degradation or mitochondrial Rab10 accu-
mulation). In contrast, hyperactive kinase LRRK2 G2019S appears to augment parkin’s
E3 ligase function as it relates to ER mitochondrial tethering. The relevance of these
LRRK2 phenotypes to PD remains to be further investigated.

(vii) LRRK2’s regulation of ciliogenesis and centrosomal cohesion. Cilia are
microtubule-based cell surface appendages that are crucial for processes such as pro-
tein trafficking and signal transduction (108, 109). Hyperactive kinase mutants of
LRRK2 interfere with ciliogenesis. Mouse embryonic fibroblasts expressing LRRK2
R1441G, cholinergic neurons in the striatum of LRRK2 R1441C mice, and LRRK2 G2019S
human iPSCs show decreased ciliation (55, 110). LRRK2's phosphorylation of Rab pro-
teins, particularly Rab8A and Rab10, modulates ciliogenesis in a complex manner that
requires Rab-interacting lysosomal protein-like 1 (RILPL1) (57, 110). Whereas phospho-
rylation of Rab8A activates ciliogenesis, phosphorylation of Rab10 enhances Rab10
binding to RILPL1 and strengthens Rab10’s ability to block ciliogenesis (110). Reduced
ciliation due to mutant LRRK2 expression impairs sonic hedgehog signaling; it has
been hypothesized that this may disrupt neuroprotective circuits for DA neurons (110).
PD-driving LRRK2 mutations also decrease centrosomal cohesion (111). This is in keep-
ing with LRRK2's function in ciliogenesis, since centrioles (radially organized arrays of
triplet microtubules) form the centrosomes and serve as the foundation for the cilial
basal body (108). Centrosomal cohesion defects appear to be mediated by LRRK2's
phosphorylation of Rab8 and Rab10, with RILPL1 also being involved, and can be
reversed with LRRK2 kinase inhibitor treatment (111, 112). Because centrosomal cohe-
sion defects are easily measured in blood samples, centrosomal cohesion assays are
being evaluated as a possible biomarker for PD (113).

(viii) LRRK2 at microtubules. In addition to localizing to the cytoplasm and mem-
brane-bound vesicles and organelles, certain pathogenic LRRK2 mutants, namely, the
Roc-COR mutants R1441C/G and Y1699C as well as the kinase mutant 12020T, appear
to localize as filaments around microtubule networks when overexpressed (51, 114,
115). Wild-type LRRK2 and G2019S LRRK2, which normally do not form these filaments,
will do so when treated with type | kinase inhibitors (51, 116).

A recent 14-A in situ cryo-electron tomography structure of LRRK2 12020T in com-
plex with microtubules showed that LRRK2 oligomerizes as a right-handed helix
around left-handed microtubules, with the Roc domain facing the microtubule and the
kinase domain exposed to the cytoplasm (117). Related cryo-electron microscopy
structural modeling of the catalytic portion of LRRK2 showed that a closed kinase con-
formation is required for microtubule association (48). Consistently, in vitro microtu-
bule motor protein motility assays suggest that treatment with type | LRRK2 kinase
inhibitors, which stabilize the closed conformation, promotes microtubule association,
while treatment with type Il kinase inhibitors, which stabilize the open conformation,
prevents microtubule association (48). Microtubule association of pathogenic or type |
kinase-inhibited LRRK2 is disrupted by GTP-binding inhibitors and is restored when
GTP binding is stabilized, demonstrating that the Roc domain regulates microtubule
association as well as kinase domain conformation (116). LRRK2's Roc domain can also
mediate direct interaction of LRRK2 with B-tubulin, selectively interacting with specific
tubulin isoforms, including TUBB, TUBB4, and TUBB6 (118). LRRK2 may block microtu-
bule acetylation, since its interaction with B-tubulin occurs through the K362 residue,
which in &/ B-tubulin heterodimers is very close to the K40 acetylation (118).

The functional relevance of the LRRK2-microtubule association remains elusive
since these findings occurred largely in the context of LRRK2 overexpression.
Nevertheless, this association is intriguing since disruption of microtubule
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dynamics, particularly the cellular machinery associated with axonal transport, is
linked to neurological disease (119). LRRK2 blocks motility of kinesin and dynein
motor proteins in vitro, implicating LRRK2 in cargo transport disruption (48). In vivo
overexpressed LRRK2 Roc-COR mutants (R1441C and Y1699C) disrupt axonal trans-
port (48), which can be restored by increasing microtubule acetylation (120). This
leads to a model in which Roc-COR mutants interfere with axonal trafficking by
forming filaments around deacetylated microtubules (120).

Recently, we discovered that the microtubule-associated E3 ligase TRIM1 (also
called MID2) appears to be critically involved in LRRK2 degradation (121). TRIM1 inter-
acts with LRRK2 at the microtubule to cause LRRK2 ubiquitination and proteasomal
degradation. Knockdown of TRIM1 increases endogenous LRRK2 levels, and TRIM1 can
rescue neurite outgrowth deficits caused by LRRK2 G2019S. The localization of LRRK2
to the microtubule prior to ubiquitination and degradation is consistent with observa-
tions that type | kinase inhibitors also induce LRRK2 microtubule localization, ubiquiti-
nation, and proteasomal degradation. These findings may point to the microtubule as
an important subcellular site in at least some LRRK2 degradation pathways.

(ix) LRRK2 and tau. LRRK2's possible physical association with the microtubule cy-
toskeleton is intriguing, given its clinical effects on tau, a microtubule-associated pro-
tein. In patients, PD-driving LRRK2 mutations can lead to tau aggregation, as evidenced
by rare LRRK2 mutation carriers who develop pure tauopathies without a-synucleinop-
athy (19). LRRK2 can increase tau aggregation and phosphorylation in a transgenic
LRRK2/Tau P301L mutant mouse model, and phosphorylation of tau is increased in
some R1441G and G2019S LRRK2 transgenic mice (122-124). However, only limited evi-
dence suggests tau as a physiological LRRK2 substrate; a larger body of research sug-
gests that, if LRRK2 mediates tau phosphorylation, the pathway is indirect (125, 126). In
Drosophila, either increased or decreased levels of the LRRK2 homolog Lrrk enhance
tau neurotoxicity by promoting excess stabilization of filamentous actin and mislocali-
zation of the mitochondrial fission protein Drp1 (127). Interestingly, murine models of
PD mutant VPS35 D620N, which enhances LRRK2 kinase function, show striking tau
neuropathology, again connecting hyperactive LRRK2 to tau aggregation (128).

(x) LRRK2 at synapses. LRRK2 is particularly challenging to study in neurons, where
it is expressed at very low levels. Consistent with its function in endolysosomal traffick-
ing, LRRK2 may be involved in synaptic vesicle trafficking. Some evidence suggests
that LRRK2 regulates synaptic vesicle fusion through interactions with components of
the SNARE complex (129). Recent studies suggest LRRK2's regulation of synaptic vesicle
endocytosis may be especially important in disease. Three proteins involved in synap-
tic vesicle endocytosis, namely, endophilin A, synaptojanin, and auxilin, can be phos-
phorylated by LRRK2 in model systems (46, 130, 131). LRRK2 G2019S-mediated phos-
phorylation of endophilin A impedes synaptic vesicle endocytosis in a fly model (131).
Human iPSC models of LRRK2 mutant PD show abnormal synaptic vesicle endocytosis,
with reduced synaptic vesicle density (130). This appears to cause accumulation of oxi-
dized dopamine, potentially mediating the selective neurotoxicity in PD (130).

LRRK2’'S ROLE IN DA NEURON DEGENERATION

How LRRK2 mutations cause circumscribed degeneration of DA neuronal circuitry is
unknown. However, the specific cellular requirements for DA neuron regulation and
upkeep suggest that proper mitochondrial, endolysosomal, and cytoskeletal functions
are critical. Supporting the relevance of these pathways, single-gene mutations caus-
ing DA neurodegeneration include those in parkin and PINK (mitochondrial), VPS35
and GBAT (endolysosomal), and tau (cytoskeleton) genes. As discussed throughout this
review, LRRK2 not only functions in these three pathways but also interacts genetically
or physically with each of the aforementioned genes.

DA neurons are notable for their high energy requirements and their widely
branched, long, and unmyelinated axons (132). These characteristics make them sus-
ceptible to neurodegeneration if their energy demands are not met (133). For this rea-
son, oxidative stress and other stresses that disrupt mitochondrial activity and
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subsequent energy production appear to be particularly damaging to substantia nigra
neurons (134, 135). LRRK2’s normal role in maintaining mitochondrial function may be
critical in DA neuronal health. PD mutant LRRK2 delays mitophagy through multiple
mechanisms, hindering mitochondrial turnover and proper energy production.

The highly branched DA neuronal networks facilitate continuous communication
with neighboring neurons. However, this extensive neuronal signaling also causes
protein homeostatic stress that requires robust lysosomal activity to maintain pro-
teostasis (136, 137). Endolysosomal dysfunction is increasingly implicated in PD
(136). Compelling recent evidence indicates that LRRK2 is important in Rab-de-
pendent and independent pathways that maintain endolysosomal homeostasis and
that hyperactive kinase mutations in LRRK2 disrupt this function.

DA neurons appear to have widely fluctuating calcium ion levels and poor calcium-
buffering capacity, factors that activate proteases, including calpains and phosphatases
like calcineurin (138). Activated calpains promote a-synuclein aggregation and also
appear to target cytoskeletal proteins (139, 140). We found that the E3 ligase TRIM1
functions at the cytoskeleton to ubiquitinate LRRK2 for proteasomal degradation. If
cytoskeletal disruption leads to decreased LRRK2 degradation, then DA neurons har-
boring hyperactive LRRK2 mutations could be particularly susceptible to injury. Lastly,
neuroinflammation, particularly in the form of hyperactivated microglia, may contrib-
ute to DA neurodegeneration. Recent evidence suggests an important role for LRRK2
in neuroinflammatory pathways with microglial responses altered by PD mutant LRRK2
in an NFAT-dependent manner. The relative importance of these pathways to DA neu-
rodegeneration has not been fully worked out, and critical questions remain, as dis-
cussed in more detail below.

FUTURE DIRECTIONS FOR LRRK2 RESEARCH

While the highlighted research demonstrates significant progress in understand-
ing LRRK2's various subcellular functions, more work is needed to determine the
relevance of these functions to PD pathogenesis. Growing evidence in recent years
shows that the LRRK2-Rab GTPase interaction is a key component of LRRK2 biology.
Phosphorylation of Rab8 and Rab10 substrates affects ciliogenesis, endolysosomal
dynamics, and centrosomal cohesion, all of which raise interesting hypotheses
about the mechanism of LRRK2 pathology. However, the roles of a majority of
LRRK2's Rab GTPase substrates are still inadequately characterized. Further work is
needed to investigate how mutant LRRK2's effects on Rab proteins and other sub-
strates could disrupt DA neuron homeostasis and ultimately lead to neurodegener-
ation. Additionally, the intersection of LRRK2 biology with that of other PD-driving
genes, particularly VPS35, Rab29, parkin, and PINK genes, is clearly important but
remains to be fully delineated.

Type 1 LRRK2 inhibitors induce endolysosome-related lung and kidney toxicity;
however, it is unclear whether this effect is entirely due to direct kinase inhibition or is
also mediated by inhibitor-induced ubiquitination and degradation of LRRK2. Such
considerations are key to the development of LRRK2 kinase inhibitors as therapeutics,
as clearly defining drug mechanisms may suggest modifications that can decrease
human side effects.

It is also important to note that much of our understanding of LRRK2 biology is
based on biological systems that may insufficiently mimic true physiological condi-
tions. Due to the technical challenge of visualizing an endogenous protein expressed
at low levels, LRRK2's activities have been characterized primarily in the context of
overexpression. This raises the question of whether these activities are replicated at en-
dogenous levels. For example, Rab29-mediated LRRK2 activation in cellulo has not
reproduced in transgenic mice overexpressing Rab29, and Rab29 knockout has no
effect on LRRK2 activity. Although robust LRRK2 localization and oligomerization
around microtubules due to PD-driving mutations or following kinase inhibition occur
with overexpressed proteins, this effect has not yet been shown with endogenous
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LRRK2. Our studies of TRIM1 ubiquitin ligase have begun to reveal a possible pathway
for LRRK2 microtubule localization related to degradation. However, most of our work
was also done in the context of overexpression. Therefore, it is of great interest to de-
velop novel techniques and tools to detect and to visualize LRRK2 at endogenous
levels.

Finally, our current understanding of LRRK2 biology and PD mutant LRRK2 dysfunc-

tion does not account for human LRRK2 pathology. In particular, no studies thus far
provide a parsimonious rationale for the fact that human patients with LRRK2 muta-
tions can develop a-synuclein pathology, tau pathology, or even pure nigral degenera-
tion. This information is essential to keep in mind when choosing LRRK2 model sys-

tems and constructing hypotheses about how LRRK2 may drive PD.
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